










8.9 Error estimation
Error estimation of the stresses was made according to Eq. 3.42.

For example, Fig. 8.14 shows the results of error estimation for Ch. 6 at
two different sea states. It gives an idea of how accurate the measurements
are.

Fig. 8.15 shows the result of the error estimation for Ch. 11 under 2.5 sec-
onds for better visualization of the error.

(a)

(b)

Figure 8.14: The figures show the accuracy of the measurements. For example,
channel 6 is presented for two different sea states. (a) 1.32 m waves. (b) 3.2 m waves.
The figures indicate the possible maximum and minimum values of the measured
variable. (Results from Paper III).
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Figure 8.15: Accuracy of the measurement for Ch. 11 at a sea state of 3.2 m waves
under 2.5 seconds. The green lines are corresponding to (+), (-) errors. (Results from
Paper III).
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9. Concluding remarks

The thesis presents experimental and analytical results for estimation of the
design loads on the single buoy wave energy converter from the waves. FEM
simulations and offshore experimental measurements were compared.

A method, which is based on on-site strain measurements, has been de-
veloped to estimate the structural loads on the inner framework structure
and the outer structure.

A full scale offshore experiment was conducted at different sea states cor-
responding to 1.32 m waves (normal sea state) and 3.2 m waves (abnormal
sea state due to the fact that the amplitude of the translator under operation
is only 2 m).

The critical design points for the WEC are the capsule and the guiding
system. Because of the huge energy stored in big waves, the floating buoy
can transfer critical lateral force to the guiding system.

A method for the measurement and evaluation of the lateral force acting
on the guiding system was developed (Paper II). The lateral force did not
exceed 11 kN at a sea state of 3.2 m waves and at a sea state of 1.32 m waves,
it was approximately 3.3 kN.

The stress in the corner pillar had the maximum value when the transla-
tor hit the end stop structure (Paper III).

The direction of the stress in the framework crossbar caused by the mag-
netic attractive force between the stator and the translator has varied de-
pending on a sea state. The stress obtained at a sea state of 1.32 m waves
was compressive. The compressive and tensile stress occurred at a sea state
of 3.2 m waves. Sudden jumps of the curve have been registered when the
translator has passed the 0 position (Paper III).

The inclination angle between the generator and the floating buoy was
estimated (Paper II). The inclination angle between the linear generator
and the buoy with the stretched connection line did not exceed eight de-
grees at a sea state of 1.32 m and ten degrees at a sea state of 2 m waves.

The inclination and azimuth angles allow reproduction of the position of
the floating buoy on the water surface (Paper II).

A sudden jump of the inclination angle between the generator and the
floating buoy was obtained, probably because a snatch load between the
buoy and the generator occurred.
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However, the method of the strain measurements has shown good re-
sults, indicating that it can be used to evaluate stress in the structure as well
as to determine the forces and moments under working load of the WEC.

Moreover, a design of a second generation of the connection line be-
tween the floating buoy and the generator has been conducted by the au-
thor (Paper IV).

According to the measurements, the connection line of the WEC suffered
from snatch loads following any slackening. However, the slackening was
not of such a magnitude as to be dangerous to the structure of the line due
to the fact that the translator pulled the connection line before the floating
buoy was on the way up.

In any case, repeated back-and forth cycling over one spot on the
wire created rapid heat build-up and unexpected damage mechanisms
contributed to the degradation of the connection line.

Employing a (HD) compound was an efficient way of minimizing the fric-
tion coefficient between the steel wire and the funnel.

Moreover, an approach with a new compound covering a (HD)
compound has been successfully tested. The new solution showed a
significant increase in the service life of the connection line.

The results from the offshore experiment allow evaluation of the loading
between the connection line and the funnel. Consequently, it gives us very
valuable information about the waves’ direction and the magnitude of the
loading which are key factors for the design of the WEC.

However, loading on the funnel was predominant at one direction only.
Based on these results, it can be concluded that the concept of a sub-

merged Single Heaving Buoy Wave Energy Converter can be used effectively
for renewable electric energy conversion due to the simple design of the
WEC, the acceptable inclination angle, and the permissible lateral force on
the guiding system.
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10. Future Work

The overall future work will be directed to design research and practice. Fol-
lowing the investigations described in this thesis, a number of areas closely
connected to the author’s work could be taken up for further study, involv-
ing:

• The development of new guiding system based on the measurement re-
sults taking also into account changing of mean sea level due to tides,
barometric pressure, wind stress, etc.

• Modifying connection line design so as to preclude failure modes ob-
served in the previous phase of testing.

• The fact that loading on the funnel was predominant at one direction
can be taken into account as a serious aspect for future development of
the WEC.

• The inner framework structure can be designed according to evaluated
stress in terms of minimizing material price.

• Design of the concrete foundation according to a lateral roll over force.

• More thorough study of the interaction between electromagnetic force,
restoring force and snatch load on the connection line.
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11. Summary of Papers

PAPER I

Catch the Wave to Electricity - The Conversion of Wave
Motions to Electricity Using a Grid-Oriented Approach
The paper focuses on the wave power technology and design of the first
linear generator that was carried out by the Swedish Centre for Renewable
Electric Energy Conversion at Uppsala University. The paper presents ex-
perimentally recorded and calculated power. The results show a good agree-
ment with the numerical models.

The author participated in the Lysekil project.
Published in IEEE Power and Energy Magazine, Volume 7, Issue 1, January-

February 2009, pp.50-54.

PAPER II

Azimuth-inclination angles and snatch load on a tight mooring
system
This paper presents a method for the measurement and evaluation of the
normal force on the guiding system. The experimental data allow us to de-
fine the inclination and azimuth angle between the generator and the float-
ing buoy. The inclination angle is one of the key parameters for the design
and the construction of the outer structure.

The azimuth angle allows the evaluation of the direction of the loading
on the guiding system. The inclination and azimuth angles allow the repro-
duction of the position of the floating buoy on the water surface.

The author had a leading roll in the development, construction and de-
ployment of the WEC L2, as well as in the installation of sensors for strain
measurements on the capsule of the WEC L2 and the processing of the mea-
surement results. Most parts of the paper were written by the author.

Accepted for publication in Ocean Engineering, December 3, 2011, avail-
able online, December 22, 2011,
http://dx.doi.org/10.1016/j.oceaneng.2011.12.007
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PAPER III

Estimation of Stress in the Inner Framework Structure of a
Single Heaving Buoy Wave Energy Converter
This paper presents a method for strain measurements in the inner frame-
work structure of the single heaving buoy Wave Energy Converter (WEC).
The study focuses on estimation of stress in the inner framework structure
of the WEC using strain measurements in material. Among the results are
the time histories of stresses, forces and bending moments. The objective
is to extrapolate this study to other forms of Wave Energy Converters. This
paper is a step towards the future design of wave energy devices in terms
of material aspect, survivability in a hard wave climate and cost-effective
renewable energies.

The author had a leading roll in the development, construction and de-
ployment of the WEC L2, as well as in the installation of sensors for strain
measurements on the inner framework structure of the WEC L2 and in the
processing of the measurement results. Most parts of the paper were writ-
ten by the author.

Conditionally accepted for publication in IEEE Journal of Oceanic Engi-
neering, May 2011, Revision submitted in Jun 2011.

PAPER IV

Determining the service life of a steel wire under a working
load in the Wave Energy Converter (WEC)
The service life of the steel wire appears to be a very important character-
istic for the WEC. In order to prevent metal-to-metal contact between the
steel wire and a funnel, the steel wire was impregnated in a black high den-
sity (HD) jacketing compound. The paper describes the result from a full-
scale experiment of the dynamic behaviour of the steel wire under a work-
ing load in the WEC.

The paper was presented orally by the author at the 28th International
Conference on Ocean, Offshore and Arctic Engineering OMAE 2009, May 31
- June 5, Honolulu, Hawaii, USA, OMAE2009-79164.

The author suggested the special wire rope as the connection line be-
tween the floating buoy and the generator. The choice of a black high den-
sity (HD) jacketing compound as well as the calculation of the prolongation
of the wire were also conducted by the author. Most parts of the paper were
written by the author.

Published in the Proceedings of the 28th International Conference on Ocean,
Offshore and Arctic Engineering, Honolulu, Hawaii, USA, OMAE2009-79164,
Volume 4: Ocean Engineering; Ocean Renewable Energy; Ocean Space Uti-
lization, Parts A and B, pp. 839-844.
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PAPER V

Temperature measurements in a linear generator and marine
substation for wave power
This paper analyzes the temperature measurements in the WEC and in the
marine substation. Eight temperature sensors were mounted on one of
the stator sides and seven sensors were mounted in the marine substation.
The temperature was measured at two different experiments. The results
showed that the temperature had no radical increase.

The author was deeply involved in the development, construction and
deployment of the WEC L2. The author has also contributed to the exper-
imental set-up of the connection line as well as participated in the Lysekil
project.

The Journal of Offshore Mechanics and Arctic Engineering, Vol. 134, Issue
2, 6 pages, 2012.

PAPER VI

Description of a torus shaped buoy for wave energy point
absorber
The paper describes the work carried out in the Lysekil project. An experi-
ment with a toroidal buoy is presented. The added mass coefficient of the
buoy is strongly dependent on the choice of buoy geometry. High added
mass can create huge inertia forces on the converter and on the floating
buoy which shortens the service life of the WEC. BEST PAPER AWARD RE-
NEWABLE ENERGY 2010, Certificate of appreciation in Area VIII, Ocean En-
ergy, Yokohama, Japan.

The author has contributed to the experimental set-up of the connection
line as well as participated in the Lysekil project.

Presented at the Renewable Energy 2010 International Conference, 27 June-
2 July, Pacifico Yokohama, Yokohama, Japan.

PAPER VII

The Lysekil Wave Power Project: Status Update
The paper presents a description of the Lysekil project from 2002 until 2008.
It includes the project history, the laboratory set-up, wave climate measure-
ments, force measurements, a description of the measuring station and the
observation tower as well as the WECs L1, L2, L3, the environmental impact,
results and future work.

The author was deeply involved in the development, construction and
deployment of the WEC L2. The author has also contributed to the exper-
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imental set-up of the connection line between the floating buoy and the
generator. Published in the proceedings of the 10th World Renewable Energy
Congress (WRECX), Glasgow, UK, pp.1061-1066, 2008.

PAPER VIII

Sensors and Measurements inside the Second and Third Wave
Energy Converter at the Lysekil Research Site
The paper presents an overview of the sensor system and interactions of
the measurements in the WEC L2 and L3. The WECs were instrumented
with sensors for the measurement of the translator position, magnetic flux,
temperature, rod piston vibrations and structure strain. Signals from the
sensors were converted to electrical signals, amplified inside the WECs and
sent via a cable to the switchgear. In the switchgear, the analogue signals
were digitized. A correlation between different signals was found.

The author was deeply involved in the development, construction and
deployment of the WEC L2 as well as in the installation of sensors for strain
measurements on the outer structure and the inner framework structure
of the WEC L2 and in the processing of the measurement results. The au-
thor has also contributed to the experimental set-up of the connection line
between the floating buoy and the generator as well as to the written ma-
terial on sensors for strain measurements. The author also participated at
the presentation of the results in the poster session at the Ninth European
Wave and Tidal Energy Conference (EWTEC2011).

Accepted for for publication at the Ninth European Wave and Tidal Energy
Conference (EWTEC2011).

PAPER IX

Lysekil Research Site, Sweden: A Status Update
The paper presents a status update of the Lysekil project since 2008. The
paper includes also important results and areas of further research. It in-
cludes a short description of 11 WECs, of the floating buoys connected to
the WEC’s, the different connection lines as well as information about the
marine substation, the observation tower and the measurement results.

The author was deeply involved in the development, construction and
deployment of the WEC L2 as well as in the installation of sensors for strain
measurements inside the WEC L2 and in the processing of the measure-
ment results. The author has also contributed to the experimental set-up of
the connection line between the floating buoy and the generator as well as
to the written material on the connection line.
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Accepted for publication at the Ninth European Wave and Tidal Energy
Conference (EWTEC2011).

PAPER X

A wave power unit
The invention in the patent is a wave power unit with a floating body con-
nected by a connection line to a translator inside the linear generator. The
connection line is guided by a guiding device placed on the top of the outer
structure. The invention also deals with a use of the invented wave-power
plant and a method for producing electric energy. The author has con-
tributed to the design of a guiding device.

International patent, International Publication Number: WO 2010/024741,
International Publication: Date 4 March, 2010.

PAPER XI

A wave power unit with guiding device
The invention in the patent is a special device for the guiding of the connec-
tion line. The author has contributed to the design of this special device.
Contribution included the electrical measurements of a strain in the outer
structure of the WEC and calculation of an inclination angle between the
generator and the floating buoy at different sea states.

International patent, International Publication Number: WO 2011/149396,
International Publication Date: 1 December, 2011.
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12. Svensk sammanfattning

Syfte med denna avhandling är att bidra till studier och tillämpning
av metoder för kostnadseffektiv energi generering från alternativa
energikällor, vilket skulle kunna påverka den framtida designen av
vågkraftverk i termer av överlevnad under svåra klimatförhållanden.

Processen för att generera energi från alternativa energikällor är förde-
laktigt i många avseenden. Genom historien har produktionen av olja, gas
och kol nått otroliga proportioner tack vare den snabba utvecklingen inom
fordonsindustrin och energisektorn.

Den senaste tekniken möjliggör att aktivt utveckla metoder för effektiv
produktion av olja och gas i det öppna havet mer än 100 km från kusten på
3 km djup. Den enorma faran för en sådan produktion är idag uppenbar. Ett
exempel på detta är BP-händelsen i den Mexikanska golfen 2010.

Stora summor pengar och resurser är inblandade i utveckling och pro-
duktion av olja och gas. Faktum är att oljebolagen har ett avgörande infly-
tande på politiken i många länder.

Fossila bränslen har en dominerande roll på den internationella mark-
naden. Ursprunget av fossila bränslen är direkt relaterad till solen. Deras
närvaro är ett resultat av ackumulering av miljontals år, och användnin-
gen av detta bränsle, en av de främsta orsakerna till den globala klimat-
förändringen. För närvarande är det tydligt att traditionella metoder för
energiproduktion skapar allvarliga miljöproblem. Energisektorn är tvungen
att ompröva sina positioner mot förnybara energikällor.

Allt på jorden har sitt ursprung från solenergi och havets vågor är inget
undantag.

Havets vågor kan skapas på flera sätt, till exempel from en jordbävning i
havet eller tack vare tidvattnet. Vågorna som skapats av en jordbävning kan
färdas långa sträckor upp till 3000 kilometer utan energiförluster. I djupt
vatten dom är nästan osynliga. Men på grunt vatten börjar de växa och nära
kusten kan omvandlas till enorma vågor, s.k. tsunami vågor.

Om vi studerar energi från havets vågor, vi har att göra med vågorna som
skapas av vinden. Ursprunget av dessa vågor är direkt relaterad till solen-
ergi. Solen värmer upp jorden ojämnt, vilket leder till vind från det höga
trycket i området till det låga trycket. Dagtid och nattetid är ett enkelt ex-
empel på en sådan förändring av tryck.

Vågorna bildas tack vare att en del av den kinetiska energin from vind
överförs genom friktion mellan vind och havsytan. Energi potentialen av
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havets vågor är mycket hög på grund energi tätheten. För närvarande finns
det ett antal olika tekniker för att omvandla energin från vågorna som vari-
erar i principer för energiomvandling. Olika omvandlare är anpassade till
olika djup och till olika kustnära förhållanden. Det finns tre huvudsakliga
grundläggande typer: offshore, kustnära och som ligger vid vattnet.

Konceptet som utvecklas vid CFE - Centrum för förnybar elenergiomvan-
dling vid Uppsala universitetet baseras på en boj som ligger på havets yta
och följer vågornas rörelser. Bojen är kopplad via en lina till direktdriven
linjär generator med permanenta (N d2Fe14B) magneter.

Denna avhandling undersöker tillförlitligheten i den mekaniska struk-
turen. Resultaten av den fullskaliga experiment är presenterad.

Elektriska mättningar med töjningsgivare på yttre och inre mekaniska
strukturen är genomförda. Utvärdering av spänningar i materialet samt de
olika krafter och moment som uppstod under driften av linjär generator är
presenterade.(Papper III)

Sidokraft på yttre strukturen från bojen samt azimut vinkel mellan
bojen och generatorn är utvärderade genom töjningen i kapsel.(Papper II)
Sidokraft är nyckel faktor för design av många mekaniska komponenter
av vågkraftverk. Azimut vinkel ger den rådande inriktningen av vågor i
regionen.

Vinkel mellan generator och bojen är utvärderad för olika våg klimat.
Resultat av mättningar och beräkningar möjliggör att återskapa position

av bojen på havsytan. Det bör också nämnas att författaren var direkt in-
volverad i utveckling, design, montering och installation av vågkraftverk L2.
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Генерирования энергии из альтернативных источников является наиболее 
целесообразным во многих отношениях. В силу истории, а именно бурного развития 
автомобилестроения и промышленности, разработка и добыча нефти, газа и угля 
достигла невероятного размаха. В настоящее время ведётся активная разработка 
месторождений нефти и газа в открытом океане более 100 км от береговой линии на 
глубине более 3 км. Колоссальная опасность таких разработок, как на примере BP в 
мексиканском заливе, на сегодняшний день очевидна. Огромные средства и 
ресурсы, привлекаемые к разработке и добыче месторождений нефти и газа, могут 
сравниться с национальным валовым продуктом многих стран. По сути дела, 
нефтяные компании оказывают решающее влияние на политику многих стран.  

Происхождение ископаемых видов топлива непосредственно связано с 
солнцем. Их наличие является результатом накопления в течение миллионов лет, а  
использование этого топлива  - одна из основных причин глобального изменения 
климата.  

В настоящее время, очевидно, что традиционные методы производства 
энергии создают серьезные экологические проблемы. Энергетический сектор 
вынужден пересмотреть свои позиции в сторону возобновляемых источников 
энергии, связанных в первую очередь с солнцем. В конечном счете, все на земле 
начинается с солнцa, и океанские волны не являются исключением.  

Океанские волны могут быть созданы несколькими способами, например, 
землетрясением в океане или приливом воды. Волны, созданные землетрясением, 
способны преодолевать огромные расстояния, которые могут доходить до 3000 км 
без потери энергии. В глубокой воде они почти не заметны, но как только ландшафт 
дна меняется, они начинают расти и вблизи береговой линии превращаются в 
огромные волны. Энергия океанских волн является одной из наиболее зрелищных 
источников энергии из-за разрушительного характера волн.  

Если мы изучаем генерирование энергии океанских или морских волн, мы 
имеем дело с волнами, возникающими от ветра. Природа таких волн 
непосредственно связана с энергией солнца. Солнце нагревает землю неравномерно, 
что приводит к возникновению ветра из области высокого давления в область 
низкого давления. Смена дня и ночи - простой пример такого рода смены давления. 

В основе возникновения волн лежит перенос некоторой части кинетической 
энергии в процессе трения ветра с поверхностью океана. Потенциал океанских волн 
очень велик благодаря плотности энергии, содержащейся в них. 

В настоящее время существует целый ряд различных технологий для 
преобразования энергии волн, различающихся по принципам преобразования 
энергии. Различные устройства приспособлены к разной глубине и к разным 
береговым условиям.  

Существует три основных базовых типа: оффшор, прибрежные и 
расположенные на береговой линии. Преобразователь энергии океанских волн (The 
WEC), см. фиг. 4.1, разработанный в шведском центре новых видов генерирования 
энергии при Уппсальском университете, использует принцип осцилляции и 
выполняется в виде погруженной структуры линейного генерирования энергии.  

В данной диссертации проведено исследование надежности механической 
структуры линейного генератора с постоянными (Nd2Fe14B) магнитами. 

 Аннотация к диссератационному исследованию  
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Представлены результаты полномасштабного эксперимента, где были использованы 
тензометрические датчики, расположенные внутри внешней и на внутренней 
структурах. Оценка напряжений в материале, а также различных сил и моментов, 
возникающих в процессе эксплуатации линейного генератора, успешно 
осуществлена. 

 
Произведена оценка боковой силы, действующей на направляющую систему 

преобразователя, что является ключевым фактором для проектирования и дизайна 
механических компонентов генератора. Также осуществлена оценка угла между 
линейным генератором и осциллирующим энергию устройством при различном 
волновом климате.  

Результаты исследований позволяют воспроизвести положение 
осциллирующего энергию устройства на поверхности океана, что даёт информацию 
о доминирующем направлении волн в данном регионе. Следует также отметить, что 
автор занимал лидирующую позицию в разработке, дизайне, сборке и инсталляции 
одного из прототипов преобразователя энергии океанских волн (The WEC L2), см. 
фиг. 4.3-4.9. 

Автор надеется, что написание данной диссертации внесёт вклад в изучение 
и применение методов для экономически эффективного генерирования энергии 
океанских волн. 
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